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The Spectral Shift Control Reactor (SSCR) uses a mix of D2O and H2O to moderate and cool the reactor.
Initially, a high proportion of D2O is used, such that the reactor is substantially under-moderated, with
excess neutrons being primarily captured in 238U, breeding 239Pu. Towards the end of the cycle (EOC),
the coolant is predominantly H2O, thermalising the neutron spectrum and increasing reactivity.
Recently, small modular reactors (SMRs) have gained significant interest as a means of providing a power
source that requires little maintenance and refuelling. This motivates long cycles and reduced batch
operation. For a single-batch reactor, there is typically a 33% penalty to uranium utilisation compared
to a 3-batch reactor. Lattice calculations demonstrate the potential of the SSCR to greatly improve ura-
nium utilisation in single-batch reactors over a range of enrichments. A relatively ‘wet’ lattice is
employed which further improves uranium utilisation. Cases with 5% and 15% fissile loading are consid-
ered, for which it is respectively possible to achieve 47% and 39% increases in natural uranium utilisation
using the SSCR relative to a ‘reference’ light water reactor. In the latter case, if 25% thorium is mixed into
the fuel, the improvement in uranium utilisation increases to a total of 49%. Hence, in both cases, it is
possible to in effect eliminate the penalty of using a single fuel batch. The ‘wet’ lattice introduces substan-
tial thermal-hydraulic challenges due to the significantly higher fuel pin heat flux.
 2016 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
The Spectral Shift Control Reactor (SSCR) uses a mix of D2O and
H2O to moderate and cool the reactor. Initially, a high proportion of
D2O is used, such that the reactor is substantially under-
moderated, with excess neutrons being primarily captured in
238U, breeding 239Pu. Towards EOC, the coolant is predominantly
H2O, thermalising the neutron spectrum and increasing reactivity.
The extra 239Pu bred during the cycle is then burned, allowing the
cycle to be extended.The SSCR concept was suggested by Babcock and Wilcox in the
1960s (Mars et al., 1961), and its viability was demonstrated by a
series of experiments (Storrer and Rigg, 1964). The SSCR can oper-
ate with a lattice design similar or identical to existing light water
reactors (LWRs).
Ronen and Galperin (1980) demonstrated that the SSCR could
theoretically achieve an improvement in discharge burn-up of as
much as 50%. They showed that, in theory, varying the hydrogen-
to-heavy-metal (H/HM) ratio in the core for a pure light water
coolant can result in a larger improvement (up to 100%), but this
requires designing an LWR which can operate with a large range
of H/HM ratios. This can be accomplished to some degree by vary-
ing the coolant flow rate, and therefore the void fraction, in a boil-
ing water reactor (BWR). This is realised in the Advanced Boiling
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void fraction are subject to thermal-hydraulic constraints which
limit the amount of spectral shift control which is possible. A sec-
ond method is to use ‘spectral shift rods’ which are initially filled
with steam, but are filled with water towards EOC. These can
replace the water rods in conventional BWR assemblies (Kondo
et al., 2012). In principle, it may be possible to increase the spectral
shift effect in a BWR by employing a tighter lattice, higher void
fraction and a larger number of spectral shift rods, hardening the
spectrum at beginning-of-life (BOL) and allowing greater potential
for softening it over the core life by increasing the potential for
varying the H/HM ratio with burn-up. However, if additional spec-
tral shift rods are used, this has the disadvantage of reducing the
core power density.
Multi-batch operation is a compelling alternative to spectral
shift to improve neutron economy, as excess neutrons are used
to drive burned fuel assemblies.
Recently, small modular reactors (SMRs) have gained significant
interest as a means of providing a power source that requires little
maintenance and refuelling. This motivates long cycles and
reduced batch operation. For a single-batch reactor, there is typi-
cally a 33% penalty to uranium utilisation compared to a 3-batch
reactor. A single-batch SSCR for naval reactors was suggested in
Kinsey (1963).
Thorium is often proposed as a fuel for thermal and epithermal
reactor systems due to its superior breeding characteristics in the
thermal spectrum (Yun et al., 2010) and notably the high reproduc-
tion factor g of 233U over a wide range of energies, including reso-
nance energies (IAEA, 2005). Breeding of 233U from 232Th, and
subsequent burning of 233U, was successfully performed at the
Shippingport Light Water Breeder Reactor (Hecker, 1979). Fuel
rods containing a mixture of 232Th and highly enriched uranium
were used in the SSCR experiments (Babcock and Wilcox, 1960),
providing motivation to revisit thorium fuel designs in this study.
Here, the enrichment of 235U in U is limited to 20% for proliferation
resistance reasons.
The neutronic properties of Th fuel allow it to maintain rela-
tively flat reactivity with burn-up once sufficient 233U has been
bred, in a relatively thermal neutron spectrum. This makes it well
suited to high burn-up open-cycle schemes, where it is useful in
limiting the reactivity swing over the cycle and increasing the pro-
liferation resistance of the spent fuel. However, a high burn-up has
to be achieved before use of Th becomes worthwhile, as a fissile
‘seed’ fuel is necessary to start and sustain the reactor. In open-
cycle schemes, this is typically low-enriched uranium (LEU). LEU
seed and Th blanket fuels can be loaded separately and refuelled
on different batch schemes. Significant reductions in U consump-
tion cannot be realised due to the need for much higher (up to
20%) U enrichment to sustain reactivity, and high burn-up is neces-
sary for the cycle to be worthwhile, which results in materials chal-
lenges. There are also thermal-hydraulic challenges resulting from
spatial separation of U and Th. Homogeneous mixing of U and Th
was found to decrease burn-up relative to enriched U, but some
denaturing of Th with U was necessary to improve proliferation
resistance, and in some cases to produce sufficient power in the
blanket at beginning-of-cycle to reduce power peaking (Todosow
and Kazimi, 2004). IAEA (2012) found that open-cycle use of Th
can lead to an increase in U consumption, and the higher LEU
enrichment required negates proliferation resistance advantages,
such that the only advantage is the reduced Pu and minor actinide
(MA) production.
Replacement of the H2O in a conventional LWR with D2O has
been the motivation for U and Th pressurised water reactor
(PWR) breeder reactor concepts (Hiruta and Youinou, 2013;
Takaki and Mardiansah, 2012), although the former required a highleakage design to achieve a negative void coefficient. D2O has also
been considered for BWRs (Hibi et al., 2001), but this has the severe
disadvantage of the potential for tritium leakage in the steam gen-
erators of the primary circuit.
The major disadvantage to the SSCR is the requirement for a
D2O inventory and dilution system. D2O production can add signif-
icantly to reactor costs (Ramana et al., 2005) and these costs can be
expected to be increased by dilution systems which reverse some
of the separative work performed in D2O production (indeed the
D2O may need full replacement at EOC, depending on how it is
managed in the reactor). D2O dilution systems can also be expected
to be complex and add to the reactor size. For SMRs, this is disad-
vantageous, particularly as many SMR designs are ‘soluble boron
free’ to eliminate the size and complexity of the soluble boron dilu-
tion system (Franceschini and Petrovic, 2008). An additional disad-
vantage is the greatly increased production of tritium within the
reactor, which necessitates inclusion of a tritium removal system.
This will also increase reactor capital cost and complexity.
This paper presents a preliminary design and analysis of the
performance of a single-batch SSCR with uranium enrichments of
5–20%. The impact of adding thorium to the fuel is also assessed.
In Section 2, a pincell neutronic analysis is performed to derive
an appropriate lattice design for the SSCR from a neutronic per-
spective. In Section 3, the thermal-hydraulic performance of this
design is analysed, and appropriate core dimensions are derived.
In Section 4, the performance of a representative design based on
the assembly geometry derived in Sections 2 and 3 is assessed. In
Section 5, the neutronic safety parameters of this design are eval-
uated. Finally, conclusions are drawn and areas for future work
identified.
2. Pincell analysis
Reactor physics calculations were performed using WIMS 10
(Lindley et al., 2015). The ENDF/BVII.0 nuclear data library was
used.
The unusual spectrum of the reactor is likely to result in errors
due to the group scheme and the derivation of 172-group cross-
sections using a ‘typical’ thermal reactor spectrum. These errors
are likely to be larger with 100% D2O coolant. An assessment of
these errors is beyond the scope of this preliminary scoping study
and will be carried out in future work.
A single pincell was modelled in WIMS. The pin diameter and
lattice pitch were varied to achieve different H/HM ratios, and a
depletion calculation was performed to estimate the discharge
burn-up for a 1-batch core. The H/HM ratio was initially varied
by reducing the pin diameter while maintaining a constant lattice
pitch, in order to maintain a constant reactor power density (the
pin power was held constant at 18 kW/m). However, for the case
with the highest H/HM ratio, the pin pitch was increased in order
to examine reactor physics performance at high H/HM ratios while
maintaining a pin that is practical to fabricate.
4% leakage was assumed, although the true figure will be
strongly influenced by reactor dimensions. The leakage can also
be expected to be larger with D2O coolant as a result of the
increased neutron migration length. This is neglected here but con-
sidered further in Section 4.
5%, 10% and 15% enriched uranium was considered. While
enrichments above 5% are not currently utilised due to licensing
and material limits, they are often investigated for future applica-
tions, e.g. very long cycle lengths, which is compatible with the
objectives of this paper. Enrichments higher than 5%, and use of
thorium in an open fuel cycle, have been considered in other
water-cooled reactor concepts, e.g. Todosow and Kazimi (2004),
Inoue (2004).
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ity swing and power peaking over the core life, which could poten-
tially be mitigated by the SSCR concept.
For 10% and 15% enrichments, stainless steel cladding was used,
although for 10% enrichment the discharge burn-up may be suffi-
ciently low that Zr-based cladding is acceptable. Oxide fuel is con-
sidered in all cases. Standard compositions and properties were
used for these materials.
A fully light water coolant (LWR) was considered as a reference
case. The SSCR was modelled using 5 depletion histories: at 0%,
25%, 50%, 75% and 100% D2O concentration. For each depletion his-
tory, branch calculations were performed at each burn-up step for
the other 4 D2O concentrations. For each depletion step, the aver-
age D2O concentration since BOL was first determined. The reactiv-
ity at each of the 5 D2O concentrations was then determined by
piecewise linear interpolation of the depletion histories for the
average D2O concentration. This allowed the D2O concentration
at the current time-step to be set to ensure criticality (i.e. k-
inf = 1.04). For the scoping study in this section, this procedure is
sufficiently accurate to obtain meaningful results, and this history
approach is typically performed for void fraction history effects in
BWRs.
For 15% uranium enrichment (and for wetter lattices at 10%
enrichment), the reactor is supercritical at 100% D2O concentra-
tion, so the reactor was depleted with 100% D2O coolant over the
initial part of the cycle. In practice, this initial excess reactivity
would be controlled with control rods or burnable poisons.
The achievable discharge burn-ups are shown in Table 1. For a
conventional lattice with H/HM = 2, the SSCR achieves 8 GWd/
t higher burn-up than the LWR at 5% and 10% enrichment, and
5 GWd/t higher burn-up at 15% enrichment. This improvement
obviously results in a larger percentage improvement in uranium
utilisation with lower enriched fuel. However, by increasing the
H/HM ratio to 6.52 in the reactor it is possible to increase the SSCR
discharge burn-up by 56%, 48% and 41% for 5%, 10% and 15%
enriched fuel respectively – giving roughly the same fuel utilisa-
tion as a 3-batch core. Such a large increase in H/HM ratio may
not be achievable without reducing the core power density.
The discharge burn-up of an LWR can also be somewhat
increased by increasing the H/HM ratio. This decreases the magni-
tude of the moderator temperature coefficient (MTC) which also
decreases the allowable soluble boron concentration in the coolant.
In addition, for a given reactor power density (i.e. assuming the
same linear heat rating and lattice pitch), the achievable cycle
length is reduced (Table 2) – or alternatively a higher enrichment
is required to maintain the same cycle length.
In the SSCR, soluble boron is not necessary to control the core as
D2O dilution is used instead. It is therefore anticipated that the
wetter lattices will not violate MTC constraints (and this is con-
firmed in Section 5). The substantially higher discharge burn-up
of the SSCR also allows the cycle length to be relatively competitive
for a wetter lattice.
A homogeneous U–Th fuel was considered. The uranium enrich-
ment was limited to 20% to satisfy proliferation resistance con-Table 1
Discharge burn-up (GWd/t) with different H/HM ratios.
Uranium enrichment 5%
Cladding M5
H/HM Pin pitch (mm) Pin diameter (mm) LWR
1.67 12.6 9.5 34
2.51 12.6 8.5 39
3.81 12.6 7.5 39
6.52 15.5 7.5 35straints. Within this constraint, 3 different U–Th mixtures were
considered to give the same overall fissile content as the uranium
SSCR cases. The achievable discharge burn-ups are shown in
Table 3.
In an LWR, U–Th fuel performs worse than U fuel at 5% and 10%
fissile content. At 15% fissile content, the U–Th fuel has virtually
identical performance to U fuel, resulting in little motivation to
use it. This is not unexpected, as Th fuel neutronic performance
generally improves at higher burn-ups, and for 15% fissile content,
the material difference between the U and U–Th fuel is in any case
fairly small.
For the SSCR, use of U–Th fuel is not beneficial at 5% and 10% fis-
sile content, although the relative benefits of using an SSCR com-
pared to an LWR are higher when U–Th fuel is considered.
However, at 15% fissile content, use of U–Th fuel increases the dis-
charge burn-up by 5 GWd/t relative to U fuel. Given the cost and
complexity of considering a D2O/H2O coolant in the first place, any
additional benefits through using Th appear worth pursuing. The
relatively good performance of Th in an SSCR can be explained
by the relatively high conversion ratio of Th fuels in an epithermal
neutron spectrum.3. Thermal-hydraulic analysis
From Section 2, it is desirable to use a wetter lattice than for a
normal PWR in order to increase the moderation and improve fuel
utilisation. Here this is accomplished by reducing the pin diameter
to 7 mm while keeping the lattice pitch constant. Increasing the
lattice pitch would require either increasing the linear heat rate
or reducing the power density, which is undesirable. Use of smaller
pins allows the heat flux to be minimised for a given H/HM ratio
and core volumetric power density.
Using 7 mm fuel pins in a 12.6 mm lattice results in substantial
changes to the reactor thermal-hydraulic design. It is typical for
SMRs to maintain roughly the same core temperature change as
large LWRs (Ingremeau and Cordiez, 2015). As the fuel stack is
shorter in SMRs, this requires a reduction of the coolant mass flux,
which in turn reduces the minimum departure from nucleate boil-
ing ratio (MDNBR). This is mitigated by reducing the linear heat
rating of the SMR fuel pins relative to large LWRs.
The design of a reduced-moderation PWR (RMPWR) that can
satisfy safety requirements was performed by imposing a mini-
mum allowed DNBR when the reactor is assumed to operate at
112% of its nominal power, 95% of nominal flow and with a coolant
inlet temperature (Tin) 2 K higher than the nominal. This minimum
value is selected to be equal to the MDNBR of the reference SMR
when analysed in the same conditions, and with the same critical
heat flux (CHF) correlation. This approach is not rigorous, but is
often used in simplified analyses since it affords reasonable protec-
tion against DNB without the need to analyse both nominal condi-
tions and transient-specific power levels. The rationale behind the
method is that, when considering DNB, operational (Condition I)
transients and transients arising from faults of moderate frequency10% 15%
Stainless steel
SSCR LWR SSCR LWR SSCR
40 57 63 89 91
51 65 76 100 109
56 67 84 104 123
56 66 89 108 132
Table 2
Relative cycle length (normalised to LWR for H/HM = 1.67 at each enrichment).
Uranium enrichment 5% 10% 15%
Cladding M5 Stainless steel
H/HM Pin pitch (mm) Pin diameter (mm) LWR SSCR LWR SSCR LWR SSCR
1.67 12.6 9.5 1.00 1.18 1.00 1.11 1.00 1.02
2.51 12.6 8.5 0.92 1.20 0.91 1.07 0.90 0.98
3.81 12.6 7.5 0.71 1.03 0.73 0.92 0.73 0.86
6.52 15.5 7.5 0.42 0.68 0.48 0.64 0.50 0.61
Table 3
Discharge burn-up (GWd/t) with different H/HM ratios: U–Th fuel.
Ratio of 20% enriched U to Th in fuel 25%/75% 50%/50% 75%/25%
Cladding M5 Stainless steel
H/HM Pin pitch (mm) Pin diameter (mm) LWR SSCR LWR SSCR LWR SSCR
1.67 12.6 9.5 26 31 53 61 88 97
2.51 12.6 8.5 33 44 62 74 99 114
3.81 12.6 7.5 34 46 64 81 105 128
6.52 15.5 7.5 30 46 64 86 106 137
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above.
The ‘wetter’ pin considered here introduces several competing
effects:
– Increase in coolant mass flow rate for given mass flux due to lar-
ger wetted area. This necessitates a reduction in the coolant
mass flux to maintain the same inlet and outlet temperatures,
which reduces the pressure drop.
– Increase in the pin surface heat flux which naturally decreases
the MDNBR.
– Increased hydraulic diameter, which reduces the core pressure
drop.
To resolve these effects, it is necessary to perform a thermal-
hydraulic analysis to calculate the core pressure drop and MDNBR.
The subchannel code COBRA-EN (Basile et al., 1987) is used to per-
form the thermal-hydraulic analysis on a single ‘hot’ channel. To
examine the effects described above, a more complicated model
is not necessary at this stage. Selection of an appropriate CHF cor-
relation is constrained by the relatively high hydraulic diameter of
the SSCR, which falls outside the range of validity of many popular
correlations (Pang, 2013). The MacBeth correlation is selected. This
is related to the Bowring correlation (Roday and Jensen, 2009)
which is valid up to a hydraulic diameter of 30 mm (Basile
et al., 1987), c.f. the 22 mm hydraulic diameter of the SSCR.
The core pressure drop is calculated at core average conditions.
COBRA is used to derive the pressure drop for the core. How-
ever, the overall thermal-hydraulic performance is dictated by
the primary circuit pressure drop. To account for the rest of the pri-
mary circuit, the following assumptions are made (Lindley et al.,
2014):
– The form loss coefficient associated with the total pressure drop
loss experienced by the coolant at the core inlet (lower core
plate and assembly bottom nozzle) and outlet (assembly upper
nozzle and core upper plate) is set to 6.5.
– The core pressure drop (including the above form loss) is
assumed to be 30% of the total primary circuit pressure drop
for the reference SMR. This assumption is approximately valid
for a large LWR, and is applied here for the purpose of deriving
initial estimates for the primary circuit pressure drop.– The pressure drop in the remainder of the primary circuit is pro-
portional to (mass flux)1.8.
Here, the following methodology is applied, with results given
in Table 4. A single channel is analysed for a 4-loop large LWR.
Tin, Tout (the coolant outlet temperature) and the MDNBR are eval-
uated. A pin diameter of 9.5 mm and pin pitch of 12.6 mm are
assumed (Case 1).
An example SMR is assumed, with a fuel stack half that of the
large LWR. Tin is maintained the same as for the large LWR. The
mass flow rate is adjusted to maintain the same Tout as the large
LWR. As discussed above, the MDNBR is therefore lower than for
the large LWR. The example SMR is derated to give approximately
the same MDNBR as the large LWR. The mass flow is simultane-
ously decreased to maintain constant Tout (Case 2).
The pin diameter is reduced from 9.5 mm to 7 mm. The MDNBR
and pressure drop are evaluated for the same Tin, Tout and mass
flow rate (Case 3).
The results of this analysis are given in Table 4. It is clear that
the SSCR has an unacceptably lower MDNBR and hence adjustment
to the design is required. It is now assumed that the radial power
peaking factor of the SSCR is 5% lower than that of the reference
SMR as mechanical shim is not used to control reactivity over life.
This is a rough initial assumption. Furthermore, the primary circuit
pressure drop of the SSCR is significantly lower than that of the ref-
erence SMR. It is now assumed that the constraint on the SMR core
height is set by a desire to maintain a given primary circuit pres-
sure drop in order to simplify the plant design and promote natural
circulation cooling in accident conditions.24
The SSCR core height is therefore increased while maintaining
the total pin power (i.e. the linear heat rating is reduced) in order
to give the same MDNBR as the reference SMR (results also shown
in Table 4). From this analysis, it is found that the primary circuit
pressure drop becomes slightly higher for the SSCR than for the ref-
erence SMR (Case 4).
Finally, the SSCR core height is set to give the same primary cir-
cuit pressure drop as the reference SMR. In order to maintain
MDNBR, it is now necessary to assume that the core is derated
slightly. This also has the effect of reducing the mass flow (to main-
tain constant Tin and Tout) which benefits the primary circuit pres-
sure drop. It is found that the core must be derated by 1% to
maintain the same MDNBR as the reference design (Case 5).
Table 4
Thermal-hydraulic analysis results.
Case Pin
diameter
(mm)
Pin
pitch
(mm)
Linear heat
rating
(kW/m)
Core
Height (m)
No. Grid
spacers
Coolant mass
flux (kg/m2/s)
Primary circuit
pressure drop
(kPa)
Inlet
T (K)
Outlet
T (K)
MDNBR
(W-3)
MDNBR
(MacBeth)
Radial
power
peaking factor
(1) Large LWR 9.5 12.6 18.3 3.66 8 3728 476.3 565.9 600.7 1.738 1.505 1.78
(2) Ref. SMR 9.5 12.6 14.6 1.83 4 1491 108.4 565.9 600.7 1.705 1.536 1.78
(3) SSCR 7 12.6 14.6 1.83 4 1090 100.2 565.9 600.7 0.841 0.870 1.78
(4) SSCR 7 12.6 8.9 3.00 7 1090 111.0 565.9 600.7 1.519 1.541 1.69
(5) SSCR 7 12.6 9.0 2.93 6 1079 108.2 565.9 600.7 1.495 1.517 1.69
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lenging than the reference SMR due to the high heat flux at the pin
surface. This necessitates increasing the height of the fuel stack to
50% more than that of the reference SMR and also derating the
core by 1% or incurring a 3% higher primary circuit pressure
drop. This is detrimental to reactor performance and economics,
but may be a sufficiently small difference to not affect overall plant
economics, especially if superior performance can be demon-
strated elsewhere.
4. Assembly design and analysis
From the results of the scoping study of the previous section, an
SMR assembly design is now specified. A 13  13 assembly design
(as in Otto, 2013) is considered, with 16 guide tube positions to
maintain roughly the same guide tube fraction as conventional
17  17 assemblies in large LWRs and also SMR designs,
(NuSCALE POWER LLC, 2012) and likely similar to the mPower
design which uses a ‘conventional 17  170 assembly.(Lee, 2011)
A 7 mm pin diameter is selected for the SSCR, which is thought
to be the lowest allowable within vibration limits and allows the
H/HM ratio to be increased by a factor of 2.4. Assembly specifica-
tions are given in Table 5, and all calculations are performed using
this design.
As in Section 2, WIMS was used to perform the lattice calcula-
tions with the ENDF/BVII.0 nuclear data library.
Two cases were considered:
- A case where enrichment was constrained to the current 5%
limit for both the reference LWR and the SSCR. In this case, a
fuel utilising Th was not considered as this constrains the fissile
loading and therefore the cycle length and discharge burn-up.
Zircaloy cladding was assumed.
- An SSCR case with 15% enriched uranium, specified to give long
cycle length. A 75% U 25% Th fuel was also considered, with the
uranium enriched to 20% to give the same fissile content as the
100% uranium fuel. Stainless steel cladding was assumed,
resulting in a penalty to uranium utilisation.
For the more detailed design calculations in this section, the
assembly was depleted directly with the D2O concentration curve
derived to achieve k-inf close to 1.04 over the cycle. As before,
the core was assumed to be infinite in the radial and axial direc-Table 5
Assembly specifications.
Reference SSCR
No. of fuel pins 153
No. of guide tubes 16
Lattice pitch (mm) 12.6
Fuel pellet diameter (mm) 8.19 6
Cladding thickness (mm) 0.57 0.42
Fuel pin diameter (mm) 9.5 7.0
H/HM volumetric ratio 1.96 4.79tions. This more accurate approach tends to give a discharge
burn-up slightly lower than the history calculation method used
in Section 2.
The lattice calculations were performed by applying a geomet-
ric buckling term within WIMS (under the assumption that the
reactor is homogeneous) in order to estimate the leakage. It was
assumed that the core radius was 92 cm (not unreasonable for an
SMR) and the height of the reference LWR core was 183 cm (as
in Section 3). The SSCR height was set to 296 cm, consistent with
Section 3. Assuming that the reactor is homogeneous, this results
in an estimated leakage of 4%, as in Section 2. This leakage may
not be accurate for these exact reactor dimensions, but will be
representative, and allows consistent comparison of the SSCR and
reference LWR.
The D2O dilution in the SSCR was set such that k-effective was
unity throughout the depletion given the leakage term, as
calculated using the specified reactor dimensions. The leakage is
initially substantially higher in the SSCR than the reference LWR,
due to the harder neutron spectrum leading to an increased
neutron migration length. Over the cycle, the leakage gradually
reduces to around 4%, as for the reference LWR. It is noted that this
increase in leakage due to increase in migration length penalises
the achievable discharge burn-up of the various concepts by
4–5 GWd/t, due to the reduced achievable D2O dilution early in
the cycle and consequentially softer neutron spectrum.
The variation of k-inf with burn-up is given for the 5%
enrichment case and the 15% fissile loading cases in Figs. 1 and 2
respectively. The D2O dilution curves for these cases are given in
Figs. 3 and 4 respectively.
For the 5% enriched case, the initial critical D2O concentration is
95%, thus allowing nearly the maximum achievable spectral shift
to be performed over the cycle. At 100% D2O concentration and
hot full power, the reactor is 10,000 pcm subcritical. This sug-
gests that it may be possible to use D2O as a secondary shutdown
measure, although the reactor is still 3000 pcm supercritical at
cold zero power without rods inserted. It is noted that the reactiv-
ity is quite sensitive to the D2O concentration, and therefore it willFig. 1. k-Infinity variation with burn-up for the 5% enrichment case.
Fig. 2. k-Infinity variation with burn-up for the 15% fissile loading cases. Fig. 4. D2O dilution curves for the 15% fissile loading cases.
Fig. 5. Neutron spectrum over SSCR assembly lifetime calculated during depletion
at different D2O concentrations.
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power and temperature. However, this may be somewhat analo-
gous to controlling the soluble boron concentration in a conven-
tional PWR.
For the 15% fissile loading cases, the core is initially supercritical
with 100% D2O, although only just so with U–Th. For the U-fuelled
core, this may necessitate the use of burnable poisons to control
excess reactivity (or a reduction in the core average fissile loading).
For the U–Th case, the core is only slightly supercritical at 100%
D2O concentration at beginning-of-cycle and therefore slight inser-
tion of control rods can likely be used instead of burnable poisons.
The neutron spectrum of the SSCR over the cycle for the 15% fis-
sile loading case is shown in Fig. 5. Initially, the resonance flux is
relatively high and the thermal neutron flux is suppressed, due
to the much lower energy lost in collisions with D atoms compared
to H atoms. Towards end-of-life (EOL), there is a large peak of ther-
mal neutrons due to the relatively wet lattice design.
For each case, a reference LWR assembly was also analysed. It
was assumed that an SMR would be designed around a specific
core lifetime. The SSCR contains 46% less fuel per unit area than
the LWR assembly. However, taking account of the thermal-
hydraulic analysis, the SSCR is assumed to have been derated by
1% and the core is 60% taller than the reference LWR. The SSCR
therefore uses 13% less fuel than the LWR and therefore requires
a higher discharge burn-up to achieve the same cycle length.
For the 5% enrichment case, the cycle length of the two concepts
is enrichment limited and therefore the cycle lengths are different.
For the 15% enrichment case, the enrichment of the fuel in the LWR
assembly was selected to match the cycle length of the U-fuelled
SSCR. The enrichment required in each case varies, but can beFig. 3. D2O dilution curve for the 5% enrichment case.accomplished within proliferation limits for the design specified,
and as both designs require enrichments substantially above 5%,
this is not expected to result in significant additional challenges.
Using a more enriched fuel in the LWR results in a substantially
harder neutron spectrum than with 5% enriched fuel (Fig. 6). As
shown in Section 2, an improved neutron economy can be achieved
by employing a wetter lattice. This would reduce the power den-
sity and require increased enrichment.
Table 6 summarises the relative performance of the assembly
designs. A tails enrichment of 0.25% was assumed when calculating
natural uranium and separative work requirements. At 5% enrich-
ment, relative to the reference design, the U-fuelled SSCR improves
natural uranium utilisation by 36% and the cycle length by 19%. For
the 15% fissile loading design, the U-fuelled SSCR improves natural
uranium utilisation by 35%. The U–Th design further improves nat-
ural uranium utilisation to a total of 43% relative to the LWR. The
more efficient uranium utilisation of the SSCR also compensates
for the lower core fuel mass, allowing the same cycle length to
be achieved with a lower enrichment. Therefore, in both cases,
the SSCR design can effectively eliminate the penalty of reducing
the number of fuel batches from 3 to 1.
Note that unlike in Section 2, the core volumetric power
densities of the LWR and SSCR are not equal. The SSCR core is sig-
nificantly taller than the reference LWR, leading to a lower core
volumetric power density. This mitigates the decrease in core fuel
mass, and hence the decrease in cycle length for a given
enrichment.
From Section 2, using a wetter LWR lattice can improve U util-
isation in the LWR by 10%, although at the penalty of requiring
Fig. 6. Effect of increased uranium enrichment on neutron flux spectrum in the
reference LWR.
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achieved within neutronic limits, this would reduce the advantage
of the SSCR somewhat.
The composition of the discharged fuel is given in Table 7. The
fissile proportion of the Pu discharged from the SSCR is in general
lower than that of the reference LWR. This is thought to be due to
the more thermal spectrum at end-of-cycle leading to increased
burning of 239Pu. The quantity of plutonium produced is broadly
comparable between concepts, while the quantity of minor
actinides (Np, Am and Cm) produced for the SSCR is higher than
for the LWR. For U-fuelled concepts, the fissile proportion of the
discharged uranium is lower for the SSCR than the LWR, as the
spectral shift leads to improved fissile utilisation.Table 7
Discharged fuel actinide concent.
LWR
Fuel HM (wt%) 5% 235U
95% 238U
18%
82%
Pu discharge vector (%)
238Pu 1.6 6.1
239Pu 59.7 59.0
240Pu 21.3 17.0
241Pu 13.4 14.3
242Pu 4.0 3.6
Transuranic production
Pu kg/Gwthyr 96.3 61.0
Minor Actinide (Np, Am, Cm) kg/Gwthyr 7.1 9.1
U discharge vector
233U 0.0 0.0
234U 0.0 0.1
235U 1.8 6.8
236U 0.6 3.0
238U 97.6 90.2
Table 6
Assembly performance.
LWR
Fuel HM (wt%) 5% 235U
95% 238U
Fuel rating (MW/t) 31.2
Discharge burn-up (GWd/t) 39.7
Cycle length (full power yr) 3.43
Uranium utilisation (GWd/tNU) 3.93
Separative work per kg fuel (SWU/kg) 7.84
Separative work per unit energy produced (SWU/GWd) 198Addition of Th to the fuel decreases the quantity of transuranics
which are produced, while increasing the fissile proportion of the
discharged uranium, due to breeding of 233U and 235U. While fuel
reprocessing is not considered in this study, it is noted that
thorium-containing fuels are in general more difficult to reprocess
than uranium-based fuels, and the recovered uranium includes a
small amount of 232U, which has high energy gamma emitters in
its decay chain.5. Reactivity coefficients and control
5.1. Moderator temperature coefficient (MTC)
The MTC is calculated over the core life and shown in Figs. 7 and
8 for the 5% and 15% fissile loading cases respectively.
For the 5% case, the MTC is initially very negative and becomes
less negative towards EOC as the reactor becomes more optimally
moderated, although it is still substantially negative.
For the 15% case, the MTC is substantially negative throughout.
With 100% D2O concentration the MTC initially gets slightly worse.
Gradual dilution effects then make it more negative up to a mini-
mum around 100 GWd/t. While the reactor is substantially
under-moderated at BOL, initially thermal fissions are strongly
suppressed so that the beneficial effect of reduced thermal fission
on MTC is reduced (Harris, 2013). The MTC then becomes less neg-
ative as the moderation approaches optimal at EOL. The U–Th fuel
has a slightly more negative MTC due to reduced 232Th fast fission
and the introduction of H2O into the coolant at a lower burn-up.
For the 15% enriched U design, it needs to be established that
reactivity control can be implemented at BOL without a positive
MTC resulting. Burnable poisons generally make the MTC worse.SSCR
235U
238U
5% 235U
95% 238U
15% 235U
85% 238U
15% 235U
60% 238U
25% 232Th
2.8 9.2 11.4
46.1 42.7 41.0
27.5 24.2 22.3
15.2 16.3 16.8
8.4 7.6 8.5
85.8 67.5 49.0
8.8 12.3 11.0
0.0 0.0 1.4
0.0 0.1 0.4
1.3 3.9 5.2
0.8 3.2 4.3
98.0 92.9 88.8
SSCR
18% 235U
82% 238U
5% 235U
95% 238U
15% 235U
85% 238U
15% 235U
60% 238U
25% 232Th
31.2 35.9 35.9 36.9
117 54.0 131.5 139.5
10.1 4.10 10.0 10.4
3.10 5.34 4.19 4.44
36.7 7.84 29.5 30.3
314 145 228 221
Fig. 7. MTC variation with burn-up for the 5% fissile loading case.
Fig. 10. DC variation with burn-up for the 15% fissile loading cases.
Fig. 9. DC variation with burn-up for the 5% fissile loading case.
Fig. 8. MTC variation with burn-up for the 15% fissile loading cases.
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et al., 2014) – this may extend to the SSCR. Lower control require-
ments may favour U–Th fuel designs or lower enrichment SSCR
designs. The relatively negative MTC at BOL may make it more dif-
ficult to ensure an adequate cold shutdownmargin, which requires
further study.
5.2. Doppler Coefficient (DC)
The DC is plotted over the cycle for 5% and 15% fissile loading in
Figs. 9 and 10 respectively. This generally gets less negative over
life as fertile material is depleted and the resonance flux in the
reactor decreases, reaching a maximum value of 2 pcm/K (similarto conventional LWRs).(AREVA/EDF, 2011) The DC is generally
slightly lower with U–Th fuel and is broadly comparable between
the 5% and 15% enriched cases. As with the MTC, relatively nega-
tive DC at BOL may make it more difficult to ensure an adequate
cold shutdown margin, which requires further study.
5.3. High excess reactivity with 100% H2O
The SSCR has a much lower BOL reactivity than the LWR. In
the event of an unanticipated D2O dilution such that the core is
filled with H2O, the reactivity at BOL is very large (0.33, 0.38
and 0.36 for the 5% fissile loading, 15% fissile loading U and 15%
fissile loading U–Th cases respectively). The reactivity control
problem is greatly exacerbated by the lower or zero use of burn-
able poisons, which increases the demands on the shutdown rods
or necessitates the use of an emergency soluble poison injection
system. The feasibility of controlling the reactor therefore
requires further analysis – especially as two redundant means
of shutting down the reactor are likely to be required (UK office
of Nuclear regulation, 2008).
Increased reactivity of fresh fuel when moderated with pure
H2O could complicate the criticality safety case. For higher enrich-
ment cases (i.e. above 5%), the criticality safety case for movement
of fuel will in any case be challenging, although it is possible the
relatively high reactivity of the SSCR assemblies could further com-
plicate this.
6. Conclusions
For a reactor constrained to operate using a single batch, the
SSCR can substantially improve natural uranium utilisation over
a conventional LWR over a range of uranium enrichments. For high
burn-up designs, it can be neutronically advantageous to mix some
thorium into the fuel. There is a significant neutronic advantage to
utilising a substantially wetter lattice than usual. This results in
thermal-hydraulic challenges due to the high fuel pin to coolant
heat flux. In order to maintain inlet and outlet temperatures, this
necessitates using a very slightly lower core power per unit area
for the SSCR, and a significantly higher fuel stack, although the lat-
ter is achievable for the same primary circuit pressure drop as the
reference LWR, due to the larger hydraulic diameter of the SSCR.
With 5% enrichment, a uranium-fuelled SSCR can achieve 47%
better natural uranium utilisation and 30% longer cycle length than
a reference LWR. The increase in fuel utilisation is comparable to
multi-batch designs, hence allowing good performance to be
achieved with a single batch while likely remaining within mate-
rial limits.
B.A. Lindley, G.T. Parks / Nuclear Engineering and Design 309 (2016) 75–83 83For the considered high burn-up assembly design, a 15%
enriched uranium-fuelled SSCR can achieve 39% better natural ura-
nium utilisation than a conventional LWR lattice, although there
may be some advantage to using a slightly wetter lattice in the
LWR. Use of U–Th fuel can further improve natural uranium
utilisation to 49% better than the LWR, while maintaining the
enrichment of 235U in U at 20%. The use of U–Th fuel also reduces
the cycle reactivity swing. Assuming that the SSCR core power den-
sity is reduced as outlined above, the core fuel mass of the LWR
and SSCR are comparable.
In all cases, the MTC and DC are substantially negative through-
out the core life. The SSCR has a much lower reactivity swing than a
conventional LWR. However, if the core was unintentionally
flooded with 100% H2O at BOL, then reactivity control could be dif-
ficult, especially given the relatively low burnable poison content
in the core and relatively high enrichment. A major drawback of
the SSCR is the significant expense and complexity of the D2O dilu-
tion system and tritium removal systems. The expense of these
systems may indeed be prohibitive and hence will be considered
in any future work. Any future work should also include a full core
analysis to determine core parameters including power peaking,
cycle length and control rod worth, and further consider how to
address the positive reactivity with 100% H2O at BOL.
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